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Abstract 

Alkaline  silver-zinc  cells  of  different  capacity  have  been  characterised  by  a  galvanostatic  non-destructive  technique  (GNDT).  Cells  with 
capacities  between  10.6  and  58.5  Ah  exhibit  lower  internal  resistance  than  those  with  capacities  between  1.7  and  5.8  Ah.  From  analysis  of 
voltage-time  transient  data,  it  is  concluded  that  only  the  cells  with  capacities  between  10.6  and  58.5  Ah  can  sustain  high-drain  applications. 
©  2003  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

Alkaline  silver-zinc  batteries  are  used  in  a  variety  of 
aerospace  and  military  applications  due  to  their  high  specific 
and  volumetric  energy  densities  [1-3].  These  batteries  are 
produced  commercially  with  a  wide  range  of  nominal 
capacities.  In  recent  years,  several  improvements  have  been 
made  to  the  batteries,  which  include  [4-18];  (i)  new  separa¬ 
tor  materials  as  alternatives  to  the  conventional  membranes; 
(ii)  improved  zinc  electrodes  with  additives  to  mitigate 
shape  change  and  dendritic  growth;  (iii)  additives  to  the 
electrolyte  to  reduce  zinc  dissolution  in  the  electrolyte;  and 
(iv)  improved  processing  of  silver  active  material. 

The  impedance  of  silver-zinc  cells  is  normally  low,  but 
can  vary  considerably  with  factors  such  as  discharge  current 
density,  state-of-charge  (SoC),  charge  stand,  cells  ageing, 
operational  temperature,  separator  material  and  more  impor¬ 
tantly,  cell  size  [19].  Interestingly,  only  a  few  studies  on  the 
impedance  of  silver-zinc  batteries  have  been  reported 
[2,20]. 

As  a  part  of  an  ongoing  research  programme  on  the 
characterization  of  secondary  batteries  by  means  of  a  gal¬ 
vanostatic  non-destructive  technique  (GNDT)  [21-23],  a 
study  is  made  of  alkaline  silver-zinc  cells  of  different 
capacity. 
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2.  Experimental 

Silver-zinc  (Ag-Zn)  cells  of  varying  capacity  were 
obtained  form  High  Energy  Batteries  (India)  Limited, 
Mathur,  Tamil  Nadu,  in  a  reserve  condition.  The  required 
quantity  of  6  M  KOH  electrolyte  was  added  and  the  electro¬ 
des  were  allowed  to  soak  for  72  h.  The  cells  were  conditioned 
by  conducting  a  few  charge-discharge  formation  cycles.  The 
nominal  characteristics  of  these  cells  are  presented  in  Table  1 . 
During  formation,  the  cells  were  charged  at  the  C/20  rate  up 
to  2.05  V  followed  by  the  discharge  to  a  cut-off  voltage  of 
1  V.  Formation  cycling  of  the  cells  was  continued  at  the  C/10 
rate  until  the  cells  reached  their  maximum  attainable  capa¬ 
city.  Subsequently,  a  galvanostatic  non-destructive  technique 
was  used  to  characterize  these  cells  at  different  state-of- 
charge  values.  (Note,  the  SoC  is  the  ratio  of  available  capacity 
to  the  maximum  attainable  capacity.) 

The  cells  were  fully  charged  and  kept  at  open  circuit  for 
about  30  min  to  allow  the  open-circuit  voltage  to  stabilize. 
The  cells  were  then  discharged  galvanostatically  at  the  C/5 
rate  for  a  pre-determined  period  so  as  to  attain  the  required 
SoC.  Subsequently,  cells  were  again  kept  at  open-circuit  for 
about  30  min  to  attain  equilibrium.  The  stable  value  of  open- 
circuit  voltage  was  noted  and  the  GNDT  experiments  were 
performed.  The  SoC  of  the  cells  was  taken  as  zero  at  1  V. 
The  electrical  circuit  employed  in  the  present  study  is  shown 
in  Fig.  1.  It  comprised  the  test  cells,  a  variable  resistor,  a 
regulated  dc  power  supply,  and  a  micro-switch.  The  tech¬ 
nique  involved  discharge  of  the  test  cell  at  a  substantially 


0378-7753/03/$  -  see  front  matter  ©  2003  Elsevier  Science  B.V.  All  rights  reserved. 
doi:10.1016/S0378-7753(03)00163-0 


B.  Hariprakash  et  al.  /  Journal  of  Power  Sources  117  (2003)  242-248 


243 


Table  1 

Nominal  characteristics  of  silver-zinc  cells 


Cell  type 

Cell 

capacity  (Ah) 

Cell 

height  (mm) 

Cell 

width  (mm) 

Cell 

thickness  (mm) 

Cell 

weight  (g) 

Cell 

volume  (ml) 

Electrolyte 
volume  (ml) 

HR1 

1.7 

43.70 

27.60 

13.90 

30.206 

16.765 

3.5 

HR3 

5.8 

63.85 

43.80 

15.85 

93.131 

44.326 

13.5 

HR5 

10.6 

63.95 

52.70 

20.25 

132.599 

68.246 

16.0 

HR10 

17.2 

96.25 

41.45 

27.75 

223.240 

110.710 

33.0 

HR15 

24.5 

93.20 

56.80 

33.05 

351.060 

174.959 

52.0 

HR40 

58.5 

162.0 

82.60 

24.20 

727.000 

323.825 

100.0 

low  rate  C/450)  over  a  period  of  only  about  300  s.  Since 
the  variation  in  cell  voltage  was  very  small  under  this 
discharge  condition,  it  was  necessary  to  compensate  with 
a  potential  divider  to  obtain  precise  measurements. 

The  measurements  of  the  compensated  voltage  at  any 
instant  was  made  with  an  ADC/D AC/Timer/Opto-Isolate  1/ 
O  Card  (Advanced  Electronic  Systems,  Bangalore,  India), 
which  was  interfaced  to  a  PC  compatible  channel  bus,  and 
the  data  acquisition  was  carried  out  with  a  program  written 
in  C++.  The  data  were  collected  at  intervals  of  300  ms  for  a 
total  period  of  300  s.  All  experiments  were  performed  at 
27(±1)  °C.  The  noise  level  in  the  collected  data  was  within 
±76  pV.  The  data  were  smoothened  and  analysed  with  the 
aid  of  Microcal  Origin  software.  The  fitting  of  the  data  was 
examined  with  the  x  -test  and  the  derived  values  were  found 
to  be  of  the  order  of  10-5  which  reflect  the  accuracy  of  the 
fitting  procedure.  Data  collection  and  analysis  were  carried 
out  at  several  SoC  values  of  the  test  cells  in  order  to  check  for 
reproducibility. 

3.  Results  and  discussion 

Silver-zinc  cells  were  found  to  form  within  to  two  to  three 
charge-discharge  cycles.  Typical  charge-discharge  curves 


are  shown  in  Fig.  2.  Fully-conditioned  cells  are  found  to 
yield  a  Faradaic  efficiency  of  about  95%  [14].  The  equiva¬ 
lent  circuit  of  the  test  cells  under  the  conditions  described  in 
Section  2  is  shown  in  Fig.  3,  where  T\  and  T2  are  the  cells 
terminals,  Rq  is  the  ohmic  resistance,  Rt  \  is  the  charge- 
transfer  resistance,  and  Cdl  is  the  interfacial  capacitance 
comprising  of  double-layer  capacitance  and  the  associated 
capacitive  components  due  to  adsorption,  passive  films,  etc., 
for  one  of  the  electrodes,  while  Rt2  and  Cd?2  are  the  charge- 
transfer  resistance  and  the  interfacial  capacitance  for  the 
other  electrode. 

3.1.  Galvano static  non- destructive  technique 

The  GNDT  technique  monitors  the  state-of-health  of  a 
battery  by  analysing  its  impedance  parameters  [24].  (Note, 
the  measurements  reflects  the  state-of-health  of  a  battery  by 
taking  into  account  charge-acceptance,  internal  resistance, 
voltage,  and  self-discharge.)  Since  the  discharge  current 
corresponding  to  C/450  rate  is  restricted  to  a  duration  of 
a  couple  of  minutes  only,  the  SoC  of  the  test  cell  changes 
only  by  10-5  and  can  be  taken  to  be  nearly  invariant  for  all 
practical  purposes.  Accordingly,  it  can  be  assumed  that  the 
charge-transfer  processes  are  the  rate-determined  steps  for 
both  the  electrode  reactions.  Since  the  electrode  processes 
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Fig.  1.  Schematic  of  set-up  for  digital  recording  of  voltage-time  transients  under  GNDT  conditions. 
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Fig.  2.  Typical  charge-discharge  curves  for  silver-zinc  cells  of  type:  (a)  HR1,  (b)  HR3,  (c)  HR5,  (d)  HR10,  (e)  HR15,  (f)  HR40. 


are  not  governed  by  mass  transfer,  the  Warburg  components 
are  not  included  in  the  equivalent  circuit  [24,25]. 

For  a  small  current  perturbation,  the  voltage  response  of 
the  test  cells  can  be  written  with  reference  to  the  equivalent 
circuit  shown  in  Fig.  3  as: 


r  /-Ai 

(  -Al 

Vr-V  =  IRn  +  IRU 

1  exp 

T  IRtp 

1  exp 

L  VTi/J 

VT2/J 

(1) 


where  Vr  is  the  voltage  of  the  cell  at  rest,  V  the  voltage  of  the 
cell  at  a  particular  time,  I  the  discharge  current,  xx 
(=RuiCdp)  and  t2  (=^,2^,2)  are  the  time  constants  of 
the  associated  electrode  processes.  The  exponential  terms 
in  Eq.  (1)  are  due  to  the  charging  of  Cdx  and  Cd  2.  At  time 
t  >  Ti  and,  t2  the  capacitors  are  completely  charged  and 
therefore  the  voltage  drop  is  only  due  to  resistive  compo¬ 
nents  [21-25],  namely,  RtX,  Rt2  and  Rq. 

A  solution  of  Eq.  (1)  provides  the  impedance  parameters 
of  the  cell.  Since  there  are  serious  limitations  in  the  direct 
algebraic  procedure  to  solve  Eq.  (1),  an  alternative  approach 
becomes  imperative.  This  procedure  assumes  that  the  time 


constants  xx  and  t2  differ  by  one  order  of  magnitude.  The 
procedure  involves  the  following  steps. 

Step  1 :  Eq.  (1)  shows  that  V  versus  t  is  non-linear.  Two 
instances  of  time  ( f  and  t**)  in  the  initial  region  of  the  V-t 
curve  are  chosen  such  that  there  is  a  measurable  difference  in 
the  corresponding  slopes  (m*  and  m**)  of  the  curve. 
Although  the  time  zone  of  these  slopes  is  governed  by 
the  relaxation  processes  at  both  the  electrodes,  as  an  approx¬ 
imation,  it  is  assigned  entirely  to  one  of  the  processes,  i.e.  the 
Ti  process.  The  approximate  value  of  xx,  viz.  xx',  is  given  by: 

,  t**  -  f 

1  ln(— m*)  —  ln(— ra**)  ^  ^ 

which  is  obtained  by  differentiating  Eq.  (1)  with  respect  to 
time  (t)  and  neglecting  the  contribution  from  the  t2  process. 

Step  2:  Since  the  function  [1  —  exp  {—tlx)]  attains  about 
99%  of  its  final  value  at  t  =  5x,  it  is  assumed  that  the 
relaxation  at  t  >  5xx'  is  due  only  to  the  x2  process.  Under 
this  condition,  Eq.  (1)  reduces  to: 


Vr- V  =  I(Ra+Rtp)+IRtp 


1  —  exp 


on  differentiating  Eq.  (3)  with  respect  to  time  ( t )  yields: 


A  linear  plot  of  ln(— dV/dt)  versus  t  in  the  time  domain 
t  >  5x\  provides  x2  and  Rt  2  from  its  slope  and  intercept,  and 
hence  Cd?2.  Substitution  of  Eq.  (4)  in  Eq.  (3)  followed  by  a 
plot  of  (Vr-  V )  versus  exp(— t/x2)  gives  a  straight  line  in 
the  time  domain  t  >  5xx  .  The  intercept  of  the  plot  with  the 
y-axis  gives  the  value  of  the  total  internal  resistance,  i.e.  Rt 

(=^q  +  ^t,i  +  ^t,2)« 
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Fig.  4.  Typical  galvanostatic  discharge  transient  of  silver-zinc  cell,  type  HR3,  at  SoC  =  1. 


Step  3:  Eq.  (1)  is  now  recast  as: 


Y 


-IRtf  exp 


also  be  calculated.  All  the  five  parameters,  namely  Rq,  Rt  U 
Rt2,  Qu  and  Cd? 2,  of  the  test  cell  are  thus  obtained  by  a  low- 
(5)  rate  galvanostatic  discharge  over  a  short  duration  [21]. 


where  ( Y  =  VY  —  V  —  IR{  +  IRtp)  exp  (— tlx2 ).  Therefore,  2.  Analysis 


ln(-y) 


ln(/flt?1)  -  t 

Tl 


Since  yis  now  known  completely  at  each  values  of  t ,  a  plot  of 
ln(— Y)  versus  t  in  the  time  domain  t  <  T2/5  yields  a  straight 
line  of  slope  (—  Hz  \)  and  intercept  IRt  l  This  step  provides  the 
values  of  and  Rt  i,  and  hence  Cd sl.  Furthermore,  can 


A  typical  galvanostatic  discharge  transient  for  the  type 
HR3  cell  at  SoC  =  1  for  300  s  is  shown  in  Fig.  4.  The 
voltage  response  is  exponential  in  accordance  with  Eq.  (1) 
and  the  data  are  fitted  using  a  Microcal  Origin  algorithm. 
The  fit  is  given  in  the  inset  from  which  the  impedance  data 
are  obtained  for  the  test  cell  at  a  particular  SoC  value,  where 


Fig.  5.  Charge-transfer  resistance  as  function  of  SoC  for  ZnlZn(OH)2  electrode  in  silver-zinc  cells  of  type:  (a)  HR1,  (b)  HR3,  (c)  HR5,  (d)  HR10,  (e)  HR15, 
(f)  HR40. 
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Fig.  6.  Charge-transfer  resistance  as  function  of  SoC  for  AgOlAg  electrode  in  silver-zinc  cells  of  type:  (a)  HR1 ,  (b)  HR3,  (c)  HR5,  (d)  HR10,  (e)  HR15,  (f)  HR40. 


y(0)  corresponds  to  the  ohmic  resistance,  A(l)  and  A( 2)  are 
the  charge-transfer  resistances  of  the  electrodes  1  and  2, 
respectively,  and  f(l)  and  t( 2)  are  the  corresponding  time 
constants. 

The  silver-zinc  cells  were  found  to  have  consistently  low 
ohmic  resistance  values  independent  of  the  size  of  the  cell. 
Charge-transfer  resistance  values  for  the  first  electrode  with 
its  varying  SoC  are  shown  in  Fig.  5.  From  the  charge-transfer 
resistance  behavior  of  the  first  electrode,  it  is  evident  that  the 
first  electrode  is  ZnlZn(OH)2  electrode.  An  increase  in 
charge-transfer  resistance  with  SoC  indicates  the  conversion 
of  metallic  zinc  to  poorly-conducting  zinc  hydroxide. 

The  variation  in  charge-transfer  resistance  as  a  function  of 
SoC  for  the  second  electrode  shown  in  Fig.  6  suggest  that  the 
second  electrode  is  AgOlAg.  There  is  a  gradual  increase  in 


charge-transfer  resistance  for  a  change  in  SoC  from  1  to 
0.08,  followed  by  an  abrupt  increase  at  around  SoC  =  0.7 
which  decrease  at  the  same  rate  as  the  SoC  approach  0.6 
followed  by  a  gradual  increase  towards  SoC  =  0.  This  is  due 
to  a  two-step  conversion  [2,3,26]  of  divalent  silver  oxide  to 
metallic  silver  through  a  moderately  conducting  monovalent 
silver  oxide  [27],  i.e. 

discharge 

2AgO  +  Zn  +  H20  Ag20  +  Zn(OH)2, 

charge 

E  =  1.86  V  (Step  1 ) 

discharge 

Ag20  +  Zn  +  H20  2Ag  +  Zn(OH)2, 

charge 

E=  1.60  V  (Step  2) 


Fig.  7.  Double-layer  capacitance  of  ZnlZn(OH)2  electrode  in  silver-zinc  cells  of  type  (a)  HR1,  (b)  HR3,  (c)  HR5,  (d)  HR10,  (e)  HR15  and  (f)  HR40  as 
function  of  SoC. 
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State-of-charge 

Fig.  8.  Double-layer  capacitance  of  AgOlAg  electrode  in  silver-zinc  cells  of  type  (a)  HR1,  (b)  HR3,  (c)  HR5,  (d)  HR10,  (e)  HR15  and  (f)  HR40  as  a  function 
of  SoC. 


Double-layer  capacitance  values  of  the  zinc  electrode  as  a 
function  of  its  SoC  are  given  in  Fig.  7.  There  is  a  gradual 
increase  with  decrease  in  SoC  values,  and  is  due  to  the 
conversion  of  metallic  zinc  to  porous  zinc  hydroxide.  Dou¬ 
ble-layer  capacitance  values  of  silver  oxide  electrode  as  a 
function  of  SoC  are  given  in  Fig.  8,  The  data  show  a 
maximum  double-layer  capacitance  at  SoC  =  0.9  and  a 
minimum  near  SoC  =  0.7.  Subsequent  to  which  the  dou¬ 
ble-layer  capacitance  increase  to  15  kF  at  SoC  =  0.7  fol¬ 
lowed  by  a  gradual  decrease  between  SoC  =  0.6  and  0.  It  is 
worth  noting  that  the  double-layer  capacitance  values  of 
AgOlAg  electrodes  are  about  3  orders  higher  in  magnitude 
than  those  of  ZnlZn(OH)2  electrodes. 


By  contrast,  the  charge-transfer  resistance  values  of  the 
zinc  electrode  are  higher  than  those  for  the  silver  electrode  at 
all  SoC  values  except  for  SoC  =  0  in  silver-zinc  cells  of 
type  HR5,  HR10,  HR15  and  HR40.  Cells  of  type  HR1  and 
HR3,  exhibit  higher  charge-transfer  resistance  values  for 
silver  electrode  than  those  observed  for  zinc  electrode  at 
SoC  =  0.7  and  0.  The  internal  resistance  as  function  of  SoC 
for  the  cells  are  given  in  Fig.  9,  and  the  data  suggest  that  the 
internal  resistance  of  these  cells  depends  on  the  size  of  the 
cells.  It  is  observed  that  larger  cells  have  lesser  internal 
resistance.  Among  the  cells  studied  here,  type  HR40  cells 
are  found  to  have  the  minimum  internal  resistance  and  hence 
can  sustain  high-drain  application. 
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Fig.  9.  Internal  resistance  of  silver-zinc  cells  of  type  (a)  HR1,  (b)  HR3,  (c)  HR5,  (d)  HR10,  (e)  HR15  and  (f)  HR40  as  a  function  of  SoC. 
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4.  Conclusions 

A  galvanostatic  non-destructive  study  conducted  on  alka¬ 
line  silver-zinc  cells  of  varying  capacity  suggests  that  only 
the  cells  of  type  HR5,  HR  10,  HR  15  and  HR40  with  capa¬ 
cities  between  10.6  and  58.5  Ah  can  be  used  for  high-rate 
discharge  applications.  These  cells  also  exhibit  high  Far- 
adaic  efficiencies. 
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